We report measurements of the pro le of the wake eld-induced energy loss of the beam along the 1.2 km long SLC North Collider Arc. By measuring orbit di erences in dispersive regions for di erent bunch lengths, the wake eld-generated energy loss is distinguished from losses due to synchrotron radiation. Calculations of the wake elds arising in the arc chambers are given and used in simulations of the evolution of the longitudinal phase space along the arcs. The measurements are consistent with the calculations. By this method wake eld anomalies in the arcs can be found. In addition, with a non-standard setting of parameters the bunch can be compressed down to 50 m, and the wake eld e ect of an ultra-short bunch can be observed. Results for the nal focus wake eld-induced losses are also given.
INTRODUCTION
In the Stanford Linear Collider (SLC) after leaving the damping ring, the beam is compressed in the Ring-to-Linac (RTL) transfer line, accelerated in the linac, and transported through the 1.2 km long arc transfer line to the final focus (FF) region and the interaction point (IP). At times, in the arcs, an unexplained emittance growth has been observed. The likely cause is a transverse wakefield effect, though verification of this idea has proven to be difficult. A longitudinal wakefield effect-the wakefield induced energy loss-on the other hand, can be measured relatively accurately, and the results can be used to test our understanding of the wakefields in the SLC arcs in general.
The wakefield-induced energy loss in the arcs depends on bunch length as an inverse power, while the (much larger) synchrotron radiation losses are independent of bunch length. Therefore, we can distinguish the wakefield effect by measuring the orbit difference in dispersive regions for different bunch length profiles. In this report we describe such measurements. The bunch length profile in the arcs is changed by varying both the peak voltage of the bunch compressor in the RTL and the phase of the beam with respect to the rf wave in the linac. One interesting feature of our measurements is that, due to the large momentum compaction factor of the arcs and a non-negligible energy spread induced in the linac, the bunch length can change dramatically during the beam's passage through the arcs. We compare the results with calculations. Finally, we repeat the process for the SLC final focus.
This study allows us to: (1) check the consistency of our wakefield model, (2) find the location of anomalous wakefield sources, and (3) study the wakefield effect for ultra-short bunches (rms length z 50 m vs the nominal 1 mm). Note that similar measurements were performed in a storage ring, at LEP [1] , where the energy loss profile was determined by comparing orbits for different bunch currents, rather than for different bunch lengths.
WAKEFIELDS AND SIMULATIONS
The arc vacuum chamber is comprised of 460 evenlyspaced, BPM/bellows modules that are separated by aluminum, cylindrical beam pipe of radius a = 5 mm. In the North arc the bellows are partially shielded (see Fig. 1 ), in the South arc they are not. The arc wakefields can be thought of consisting of two parts, a resistive-wall (RW) component, due to the beam pipe, and a geometric (G) one, due to the BPM/bellows modules.
For a Gaussian bunch in a cylindrical tube the average energy change (over the bunch) due to the RW wake is [2] E RW = , ,3=4 (2)
In our calculations (as in the measurements) we take N = 3 : 5 10 10 . For a constant z = 0 : 5 mm, for example, the total calculated RW and G losses in the arcs are 2.6 and 20 MeV, respectively, results which are much smaller than the loss due to synchrotron radiation, which is 1 GeV (at 46 GeV). Note that coherent synchrotron radiation for the arcs is effectively shielded by the vacuum chamber, even for bunch lengths as short as 25 m rms, and this effect can be ignored.
Using a macro-particle approach the longitudinal phase space of the beam is tracked from the damping ring, through the compressor, linac, and arc to the final focus [4] . The (initial) ring position and energy distributions are those obtained by measurements (as here) at a ring rf voltage of 0.8 MV [5] . The arc compaction factor R 56 = 1 4 : 5 cm.
An example, with parameters corresponding to the measurements discussed below-compressor voltage V c = 37:2 MV and linac phase = ,5:6 (note:
cates that the beam is in front of the rf crest)-and illustrating the large bunch length change that can occur in the arcs, is given in Fig. 2 . Finally, during the simulations, to estimate the local arc wakefield losses, the local value of z F W H M = 2 : 355, with z F W H M the full width of the bunch distribution, is substituted into Eqs. 1 and 2.
MEASUREMENTS
To obtain the wakefield induced energy loss in the arcs the orbit was measured twice, for two different bunch length profiles, and then the two orbits were subtracted. The bunch length profile was modified by changing the voltage of the bunch compressor V c and the average linac rf phase of the beam . The former method directly changes the bunch length in the linac; the latter method changes the energy spread of the beam at the entrance to the arcs, which through the compaction factor, changes the bunch length evolution in the arcs.
Each SLC arc consists of 23 52-m long achromatic sections and has a 280-meter bend radius, which reverses direction at s 400 m. The lattice is a FODO structure based on combined-function magnets, with 10 FODO cells per achromat and 108 betatron phase advance per cell. Near each magnet a BPM is installed for a total of 460 BPMs (230 x-BPMs and 230 y-BPMs). The average horizontal For short bunches, the energy loss is much larger than the resolution and therefore detectable.
At the same time of the arc orbit measurements the beam spectrum at the end of the linac was also measured, by means of a wire monitor located in a dispersive region. Since the bunch length profile along the arcs depends sensitively on the beam conditions at the entrance to the arcs, this was done as an extra check that our simulations correspond to the real machine. As in earlier such measurements we find that, on the North side, to get good agreement we need to assume that the compressor voltage readout is low [6] , here about 7%. With this adjustment, we find good agreement. An example result of this measurement, compared with simulations, is shown in Fig. 3. 
RESULTS
In Fig. 4 (top) we show, for V c = 3 7 : 2 MV and = ,5:6 , the measured orbit change (with respect to a longbunch reference orbit) along the North arc. The bottom frame compares the accumulated energy change deduced from this orbit measurement with the calculated energy change due to the wakefields, taking into account the bunch length evolution. Two more cases are displayed in Fig. 5 (orbits not shown) , where the compressor voltage and linac phase were chosen to produce (top) a short bunch near the arc end (entrance to FF) and then (bottom) a short bunch near the reverse bend section (s 400 m).
The slopes of the energy change curves of the above two figures give locally the strength of the wakefield effect. For all three examples the calculations and the measurements agree well, nearly to within the statistical errors of the measurements, but for two clear exceptions. One exception, apparent in all three examples, is an anomalous energy loss at s 750 m. This is especially clear in the case at bottom of Fig. 5 , which has the largest net energy loss. In the arcs the absolute orbit is not well known, and this anomaly could be due, for example, to the beam passing closely by a vacuum chamber wall in this region where several corroded vacuum chambers were recently replaced. The other significant disagreement in energy change between the measurement and the calculation is the case at the top of Fig. 5 , in the region s 850 m. For this example the bunch length in this part of the arcs is extremely sensitive to the incoming beam parameters, and a slight error may account for the discrepancy. Finally, the measured and calculated average energy loss in the North arc, for several parameter combinations, are given in Table 1 .
Since simulations and measurements of energy loss in the arcs are in reasonable agreement, we may assume that the calculated bunch length in the FF is correct. Following the same approach as for the arcs, we can look for a variation of energy loss with bunch length in the FF. Here, energy changes can be inferred easily from the orbit at the high-dispersion points ( x 230 mm) in the chromatic correction sections (CCSs) on either side of the IP. In the FF there are 26 collimators surrounding the IP and many transitions in beam pipe radius, at each of which a short bunch radiates energy due to the geometric wakefield. The loss is inversely proportional to bunch length [7] . The calculated and measured energy loss for different bunch lengths between the two CCSs is summarized in Table 2 . We see that there is reasonable agreement between the results.
CONCLUSION AND DISCUSSION
The wakefield-induced energy loss in the North arc has been measured, and for the examples that we have studied the results agree with calculations to within 10-20%; the results are consistent even for calculated bunch lengths approaching 50 m. Also, there are indications in our data of an anomalous wakefield effect at s 750 m, which may be attributable to a large, unconfirmed orbit excursion there.
In the future, a more refined analysis, one accounting for the non-Gaussian bunch distribution, may give more accurate results, particularly in the very short bunch regions. In addition, the energy losses along the South arc should also be measured. With its unshielded bellows we would expect the geometric wakefield effect to be 50% larger.
